Human diploid fibroblasts (TIG-3) were shown to attach and spread onto substrata coated with collagen, fibronectin, laminin and vitronectin. The cell attachment to these proteins required divalent cations. Mg2+ stimulated the cell attachment to all the proteins, while Ca2+ alone was not effective for the attachment to collagen and laminin. A mild trypsin treatment had prevented cells from attaching to the laminin, while it had no effect on the attachment to the other proteins. The fibronectin fragment, which retained cell binding activity, inhibited the cells from attaching and spreading onto fibronectin, but it did not cause any inhibition on the other proteins. The synthetic peptide GRGDSP inhibited the cells from attaching and spreading onto fibronectin and vitronectin, while it did not cause any inhibition on collagen and laminin.
ABSTRACT.
Human diploid fibroblasts (TIG-3) were shown to attach and spread onto substrata coated with collagen, fibronectin, laminin and vitronectin. The cell attachment to these proteins required divalent cations. Mg2+ stimulated the cell attachment to all the proteins, while Ca2+ alone was not effective for the attachment to collagen and laminin. A mild trypsin treatment had prevented cells from attaching to the laminin, while it had no effect on the attachment to the other proteins. The fibronectin fragment, which retained cell binding activity, inhibited the cells from attaching and spreading onto fibronectin, but it did not cause any inhibition on the other proteins. The synthetic peptide GRGDSP inhibited the cells from attaching and spreading onto fibronectin and vitronectin, while it did not cause any inhibition on collagen and laminin.
In attempts to isolate distinct receptors for these proteins, we were able to purify proteins very similar to the fibronectin and vitronectin receptors of human placenta. Based on the differential properties of the attachment of TIG-3 cells to these proteins and biochemical data, we indicate that human diploid fibroblasts have distinctive binding sites (receptors) for collagen, fibronectin, laminin and vitronectin.
Interaction between cells and extracellular matrix (ECM) proteins is essential for migration, growth and differentiation of many cell types (5, 26) . Profound alterations in the interaction accompany the development of malignant neoplasm (13) . Recently, cell surface receptors for several ECM proteins have been discovered and isolated from a variety of cells and tissues (8, 10, 19, 26) . On the receptors characterized so far, there seems to be two types of receptors differentiated according to the individual specificity. The collagen (3), fibronectin (16) , laminin (12) and vitronectin receptors (17) bind to their respective counterparts with high specificity. The chicken CSAT antigen (integrin), however, can bind to fibronectin, laminin and vitronectin (7) . Platelet membrane glycoprotein IIb/IIIa also has low specificity and can bind to fibronectin, vitronectin and fibrinogen (18) .
Various cell types interact with more than one kind of ECM protein in vitro. With the exception of a few reports (24, 27, 30) ding what kinds of receptors exist on the cell surface of the same cell types and how their synthesis and expression on the cell surface is regulated. We have found that human diploid fibroblasts (TIG-3) attach and spread onto substrata coated with collagen, fibronectin, laminin and vitronectin. To elucidate the nature of receptors on the TIG-3 cells for these ECM proteins, we have compared the attachment properties of the cells to these proteins and purified some receptors from the cell extract. The results indicate that human diploid fibroblasts attach to these ECM proteins through distinctive binding sites (receptors).
MATERIALS AND METHODS
Cell. Human diploid fibroblasts derived from embryonic lung tissue (TIG-3, JCRB 0506, male (14)) were employed. The TIG-3 cells were routinely maintained in Eagle's minimal essential medium (MEM) supplemented with 10% fetal bovine serum on Corning tissue culture dishes.
ECM proteins. Porcine type I collagen (Cellmatrix Type I-P), bovine type IV collagen (Cellmatrix Type IV) and human fibronectin purified by the method of Ruoslahti et al. (21) were provided by Nitta Gelatin Co., Osaka. Mouse laminin from EHS sarcoma (23) and vitronectin from human plasma (22) were obtained from Iwaki Glass Co., Tokyo. The purity of the proteins used was higher than 95%. The 120 kilodalton (kDa) fragment of fibronectin, which retained cell binding activity, was prepared by chymotrypsin digestion according to Ruoslahti et al. (20) . Synthetic peptides GRGDSP and GRGESP (15) The cell viability, determined by the trypan blue exclusion test, ranged from 80% to 99%. The assay was performed in duplicate.
Trypsin treatment of cell surface proteins.
To avoid proteolysis of cell surface proteins during cell harvesting, the cells were treated with PBS-EDTA, omitting trypsin. The Purification of the fibronectin and vitronectin receptors. The fibronectin and vitronectin receptors of human placenta were purified by the method of Pytela et al. (19) . The fibronectin and vitronectin receptors of the TIG-3 cells were purified by essentially the same method as those of the placenta. The TIG-3 cells (about 7 ml of cell pack) were lysed by freezing and thawing. The particulate fraction was collected and extracted. The extract was first applied to a fibronectin fragment (120 kDa)-Sepharose column. The unbound fraction was subsequently applied to a GRGDSP-Sepharose column. The fractions were obtained by eluting the columns with the GRGDSP peptide. The receptors were further purified with a wheat germ agglutinin-agarose column. The column fractions were analyzed by SDS polyacrylamide gel T. Shimo-Oka, Y. Hasegawa and I. Ii electrophoresis by the method of Laemmli (11) using silver staining (Kanto Chemical Co., Tokyo).
RESULTS

Concentration
dependence and time dependence of the cell attachment to various substrata.
TIG-3 cells attached and spread onto substrata coated with type I collagen, type IV collagen, fibronectin, laminin and vitronectin, but did not attach to uncoated substrata (Fig. 1) . As the coating concentration of each protein was in- creased, the extent of cell attachment increased and reached a plateau level (Fig. 2) . Type I collagen was most effective in increasing the extent of cell attachment while laminin was least effective although no attempt was made to determine the exact amount of these proteins adhered to the plate. The extent of the cell spreading was also examined. When the percent attachment of the cells was low, the percentage of spread cells per attached cells was also low. With an increase in the percent attachment, cell spreading became more obvious. At a plateau level of cell attachment, the maximal degree of cell spreading was observed. This tendency applied to all cell attachment experiments in this study. Figure 3 shows the time dependence of the cell attachment to substrata coated with saturating amounts of proteins. The number of attached cells increased rapidly during the first 60 min and afterwards increased slowly. Divalent cation dependence of the cell attachment. The cell attachment to various substrata was strongly dependent on the presence of divalent cations in the medium, but the ion requirements differed depending on the substrata (Table 1) . Both Ca2+ and Mg2+ were effective for the cell attachment to fibronectin and vitronectin. In the presence of Mg2+ only, the degree of cell attachment to laminin was much lower than that to collagen, whereas Ca2+ alone was not effective for the attachment to either collagen or laminin. On each substratum the presence of both cations was required for the maximal attachment. Effect of the RGD peptide. The RGD sequence has been determined to be the cell attachment sequence of fibronectin (15) and identified as a common sequence in several cell attachment proteins, including collagen and vitronectin (22) . The addition of GRGDSP to the incubation medium inhibited cell attachment and strongly inhibited cell spreading onto both fibronectin and vitronectin (Fig. 6 ). Doseresponse curves revealed that the cell interaction with vitronectin was more sensitive to GRGDSP than that with fibronectin. The control peptide GRGESP did not show any inhibitory effect. This shows that the inhibition is sequence specific.
The fibronectin and vitronectin receptors of TIG-3 cells. To obtain substantial bases for the presence of distinctive receptors on TIG-3 cells, we attempted to purify receptors from a TIG-3 cell extract. The fibronectin and vitronectin receptors were purified according to the purification methods established for these receptors in human placenta (19) . The receptor fractions of TIG-3 cells were obtained by the same procedures as placental receptors were purified. They were analyzed by SDS polyacrylamide gel electrophoresis using silver staining under reducing and nonreducing conditions (Fig. 7) . The fibronectin and vitronectin receptor fractions from TIG-3 cells contained proteins which were very similar to the respective receptors of placenta. They were composed of two components with very similar electrophoretic mobilities compared with placental receptors and the mobilities changed in a characteristic fashion under reducing and nonreducing conditions. DISCUSSION We have found that human diploid fibroblasts can, in vitro, attach and spread onto various ECM proteins including collagen, fibronectin, laminin and vitronectin. Further, it was found that the attachment can be distinguished by a number of characteristics including divalent cation requirements, trypsin sensitivity, inhibition by fibronectin fragment and GRGDSP sensitivity. We were able to purify and distinguish between the fibronectin and vitronectin receptors from TIG-3 cells. Attempts to purify collagen and laminin receptors from TIG-3 cells using collagen and laminin affinity columns have not elicited any decisive data as yet. It was considered that the cells may attach to collagen indirectly through cell surface fibronectin which might remain during cell preparation.
However, this possibility was subsequently ruled out since we observed that native collagen was much more effective on cell attachment than denatured one to which fibronectin has stronger affinity (9) (data not shown). Table 2 summarizes the results of the cell attachment assays. Our results contain new information confirming previous results obtained by several investigators. Our result showing that Ca2+ alone is ineffective in cell attachment to collagen and laminin is consistent with the results by Cjessing and Seglen (4) using rat hepatocytes and Turner et al. (25) using PC 12 cells. Cheresh et al. (1) reported that the vitronectin receptor from human melanoma cells (M 21) requires Ca2+ but not Mg2+ to bind to the RGD peptide. This finding is inconsistent with our result that Mg2+ alone is effective in causing cell attachment to vitronectin. This discrepancy may be due to the difference in cell types or assay systems studied. Codogno et al. (2) reported that the attachment of chick fibroblasts to laminin is totally eliminated by the trypsin treatment of the cells under the blockage of protein resynthesis, but the treatment did not alter the attachment to fibronectin. We have confirmed this result using human diploid fibroblasts. Furthermore, we have found that the binding sites for collagen and vitronectin are fairly trypsin-resistant.
Our result showing that cell attachment to fibronectin is inhibited by the 120 kDa fibronectin fragment is consistent with the result by Yamada and Kennedy (29) using the 75 kDa fibronectin cell-binding fragment. Also, our result showing the GRGDSP sensitivity of the cell attachment and spreading agrees with the findings from normal rat kidney cells (6) . Recently, several kinds of cell surface receptors for ECM proteins have been isolated from a variety of cells and tissues. The collagen (3), fibronectin (16) , laminin (12) and vitronectin receptors (17) have high specificity to their respective partners, whereas the chicken CSAT antigen (integrin) (7) and platelet membrane glycoprotein IIb/IIIa (18) have low specificity. Thus far, there has been little information available on the types of receptors that exist on the same cell types. Tomaselli et al. (24) have shown that PC12 cells adhered strongly to laminin, and collagen but poorly to fibronectin through receptors with differential characteristics. Yamada and Kennedy (30) have shown that cell attachment of baby hamster kidney cells and chick embryo fibroblasts to collagen, fibronectin, laminin and vitronectin was inhibited, displaying distinctive patterns of sensitivity by various synthetic peptides. They indicated that different adhesive processes depend on a cell's distinctive peptide recognition events (30). Our results described here have expanded this line of study to human diploid fibroblasts and suggested the presence of distinctive binding sites for various ECM proteins on human diploid
We believe that this direction of study will eventually elucidate a full set of receptors for ECM proteins on the same cell types, and more importantly, determine how their expression is regulated. This report suggests that TIG-3 cells are an appropriate normal human cell type for studying the cell-ECM protein interaction. 
